INTRODUCTION {#sec1-1}
============

Current imaging for prostate cancer (PCa) had limitations for risk stratification and staging. Magnetic resonance imaging (MRI) frequently underestimated lymph node metastasis\[[@ref1]\] while bone scintigraphy (BS) often had diagnostic dilemmas.\[[@ref2][@ref3]\] Hence, various mathematical predictive models have been developed in time for risk stratification.\[[@ref4][@ref5][@ref6][@ref7][@ref8][@ref9][@ref10]\] Glu-NH-CO-NH-Lys-(Axe)-\[68Ga(HBED-CC)\] ^68^Ga-prostatic-specific membrane antigen positron emission tomography-computed tomography (^68^Ga-PSMA PET-CT) has shown promising results in suspected recurrent PCa.\[[@ref11][@ref12][@ref13][@ref14]\] Few studies have suggested its role in lymph node staging and prognostication.\[[@ref15][@ref16][@ref17][@ref18]\] However, its role in risk stratification has not been addressed. We hypothesized that PSMA PET-CT has a potential to become first-stop-shop imaging for PCa staging workup.

MATERIALS AND METHODS {#sec1-2}
=====================

From our database of ^68^Ga-PSMA PET-CT studies from July 2014 to March 2017, we found 114 newly diagnosed PCa patients referred for initial staging. Patients\' data were retrieved from computerized patient record system and picture archiving and communication system. Ninety-seven patients with adenocarcinoma prostate whose baseline prostate-specific antigen (PSA) and Gleason score were available were reanalyzed as per the American Joint Committee on Cancer 7^th^ edition\[[@ref19]\] criteria. Tumor, lymph node, metastasis (TNM) from PSMA PET-CT data was analyzed for risk stratification for lymph node and distant metastasis. We considered the following three risk categories: low (Gleason ≤6, PSA ≤10 μg/L, and T stage ≤T2a), intermediate (Gleason 7, PSA \>10--20 μg/L, and T stage T2b--T2c), and high (Gleason 8--10 μg/L, PSA \>20, and T stage ≥T3a). We further divided the risk categories into three groups based on single variable (PSA or Gleason or T stage) or dual variables (PSA + Gleason) or three variables (PSA + Gleason + T stage) which is the standard one.\[[@ref20]\] For distant metastasis (M~1~), we further analyzed different substages (M~1a~, M~1b~, and M~1c~) and type of bone metastasis (sclerotic, lytic, marrow, or mixed). Correlation between single voxel maximum standard uptake value (SUV~max~) of primary prostate, lymph node, and metastasis was also done. Histopathology of 23/97 (23.71%) patients who underwent radical prostatectomy with bilateral pelvic lymph node dissection (RP + BPLND) was taken as gold standard for T and N staging. SUV~max~ of prostate was correlated with PSA, Gleason score, pathological T stage, perineural invasion (PNI), lymphovascular invasion (LVI), extraprostatic extension (EPE), seminal vesicle invasion (SVI), and pathological lymph node status. Both focal and extensive extracapsular extension (ECE) and unilateral or bilateral SVI were taken as positive for involvement for statistical calculations.

Standard protocol for in-house synthesis of ^68^Ga-PSMA and PET-CT acquisition was used.\[[@ref21][@ref22]\] PSMA-11 was acquired from advanced biochemical compounds (ABx) and labeling was done in IQS-fluidic labeling module (iTG) using 1.11 GBq iTG self-shielded Ga-68 generator. Two MBq/kg body weight of labeled PSMA-11 was injected intravenously, and a full body scan (vertex to midthigh) was acquired with a dedicated full-ring hybrid PET-CT system (Biograph TruePoint40 with LSO crystal from Siemens Healthcare at Rajiv Gandhi Cancer Institute and Research Centre, Delhi, India) with 4 min per bed position in three-dimensional mode. A low-dose CT scan (40 mAs and 120 kVp) was used for attenuation correction and anatomical localization. SUV~max~ normalized to body weight was recorded for prostate gland, lymph node, and bone metastasis.

Image interpretation {#sec2-1}
--------------------

All PSMA PET-CT studies were reinterpreted independently by two nuclear medicine physicians without knowledge of histopathology findings. Increased PSMA uptake in prostate and lymph node in comparison to background was taken as positive for involvement. No size criterion was used for lymph node interpretation. Visible irregular prostate outline or involvement of extraprostatic structure was taken as positive for EPE. Similarly, increased PSMA uptake more than the background in either or both seminal vesicles was considered positive for disease. Maximum value of SUV~max~ was recorded for both primary and metastatic sites.

Statistical analysis {#sec2-2}
--------------------

Chi-square test was used for lymph node and metastasis proportion comparison in various risk groups and *P* value was calculated. Spearman\'s rank test was used for the entire correlation. Sensitivity, specificity, positive predictive value (PPV), and negative predictive value (NPV) were calculated for T and N staging for PSMA PET-CT, considering histopathology as gold standard. Overestimation, underestimation, and correct estimation of T and N stage were calculated. Cohen\'s Kappa coefficient (κ) was derived to see inter-rater agreement between PSMA PET-CT and histopathology for T and N stages. Uni- and multivariate regressions were done to find risk factors for lymph node metastasis using various clinical, imaging, and pathological parameters. *P* \< 0.05 was considered statistically significant. IBM SPSS version 21 (IBM, New York, United States) was used for the entire statistical analysis.

RESULTS {#sec1-3}
=======

Patients\' data (*n* = 97) were categorized based on various clinical risk variables and proportion for lymph node and distant metastasis in PSMA PET-CT. This is summarized in [Table 1](#T1){ref-type="table"}. Majority of patients were \>50 years of age (94.85%), with age range of 38--88 years (median: 66 years) in our study. No significant difference was seen in the detection rate of lymph node and metastasis, with age as a risk factor. Detection of lymph node or distant metastasis increased with increase in risk category (*P* \< 0.05) based on either single variable (Gleason or PSA) or when combining three variables (Gleason + PSA + T stage). Similar relationship was noticed with increase in T stage (T~2a~ to T~4~). Risk categories based on two variables\' (Gleason + PSA) group however showed near significant increase in the proportion of lymph node detection (*P* = 0.069). Correlation of risk categories based on two variables with distant metastasis did not show statistically significant correlation (*P* = 0.182). This was likely to be due to increased number of patients belonging to intermediate-risk category (81.44%) in this group.

###### 

Prostatic-specific membrane antigen positron emission tomography-computed tomography-based risk stratification for lymph node and distant metastasis proportion in various risk categories
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On analyzing the 52/97 (53.61%) M~1~ cases, we found 9 (17.31%), 35 (67.31%), and 8 (15.38%) patients belonging to M~1a~ (extra-pelvic lymph node metastasis), M~1b~ (bone ± lymph node metastasis), and M~1c~ (other soft-tissue metastasis ± bone) categories, respectively. Besides retroperitoneal lymph nodes in nine M~1a~ patients, three patients had inguinal and other three had mediastinal lymph nodal involvement as well. Considering the patients with bone metastasis (35/97), 24 (57.41%), 14 (33.33%), 3 (7.14%), and 1 (2.38%) had sclerotic, mixed, marrow, and lytic types of lesions, respectively. Further, we found 5 (11.90%), 6 (14.29%), and 31 (73.81%) patients with bone metastasis to have 1, 2--3, and \>3 PSMA-positive bone lesions. Details of patients with solitary bone metastasis (*n* = 5) are summarized in [Table 2](#T2){ref-type="table"}. All these five patients belong to high-risk category without regional lymph nodal metastasis in three of them. Four patients had lesion in pelvic bones and one in the sternum \[[Figure 1](#F1){ref-type="fig"}\].
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Clinical and prostatic-specific membrane antigen positron emission tomography-computed tomography details of five patients with solitary bone metastasis
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![^68^Ga-prostatic-specific membrane antigen positron emission tomography-computed tomography maximum intensity projection (a), axial computed tomography (b), and axial fused positron emission tomography-computed tomography (c) images showing prostatic-specific membrane antigen avid prostate lesion with pelvic lymph nodes and a solitary bony lesion in sternum (black arrow)](WJNM-17-261-g003){#F1}

All eight patients with M~1c~ disease were in high-risk category and had lung (*n* = 5), spleen, liver, and muscle as sites of involvement \[[Figure 2](#F2){ref-type="fig"}\]. Seven of eight of these patients had associated bone metastasis and the remaining one patient with liver metastasis had T~4~N~1~M~1a~ disease. For characterization of liver and splenic lesions, ultrasound correlation was performed which showed suspicious hypoechoic lesion. Pathological correlation was not done in these cases in view of other sites of already documented metastatic disease. Spearman\'s rank correlation of SUV~max~ of prostate with highest SUV~max~ in lymph nodes (r~s~ = 0.531, *P* \< 0.0001) and distant metastatic lesions (r~s~ = 0.568, *P* = 0.0001) showed a positive correlation, meaning that similar intensity of receptor expression is expected in the primary as well as metastatic diseases.

![^68^Ga-prostatic-specific membrane antigen positron emission tomography-computed tomography maximum intensity projection (a and b) and axial fused positron emission tomography-computed tomography (c and d) images showing prostatic-specific membrane antigen avid liver lesion (black arrow) and spleen lesion (black curved arrow)](WJNM-17-261-g004){#F2}

The detailed analysis of 23 patients who underwent RP + BPLND following PSMA PET-CT is summarized in [Table 3](#T3){ref-type="table"}. The sensitivity, specificity, PPV, and NPV of PSMA PET-CT for detection of EPE and SVI were 63.16%, 100%, 100%, 36.36% and 55%, 100%, 100%, and 25%, respectively. Out of seven patients with false negative for EPE by PSMA PET-CT, four patients had focal microscopic invasion. Out of four patients with false-negative SVI by PSMA PET-CT, three patients had bilateral and one had unilateral invasion. A total of 469 lymph nodes (average: 20.4 per patient) were dissected in 23 patients. Positive histopathology was seen in 32 lymph nodes in nine patients. The sensitivity, specificity, PPV, and NPV of PSMA PET-CT per patient and per lymph node basis were 77.78%, 92.86%, 87.50%, 86.67% \[[Table 4](#T4){ref-type="table"}\] and 65.62%, 99.31%, 87.50%, and 97.53% \[[Table 5](#T5){ref-type="table"}\], respectively. Cohen\'s Kappa coefficient showed substantial agreement between PSMA PET-CT and histopathology-positive lymph node findings per patient (κ = 0.721) and per lymph node (κ = 0.734) basis. However, Cohen\'s Kappa coefficient showed just fair agreement (κ = 0.277) between PSMA PET-CT and histopathology T stage though the level of agreement was significant \[[Table 6](#T6){ref-type="table"}\]. The sensitivity, specificity, PPV, and NPV of PSMA PET-CT per lymph node basis for intermediate- and high-risk categories were 53.33%, 99.58%, 88.89%, 97.12% and 76.47%, 99.00%, 86.67%, and 98.02%, respectively. PSMA PET-CT overestimated, underestimated, and correct estimated T and N stages in 8.71%, 39.13%, 52.17% and 8.71%, 4.35%, and 86.96% cases, respectively. On univariate logistic regression for risk factors (age, PSA, Gleason score, T stage, PNI, LVI, EPE, SVI, and prostate SUV~max~) for true-positive lymph node, presence of LVI (*P* = 0.007) and lesser age (*P* = 0.017) were significant risk factors with odds ratio of 29.333 and 0.696, respectively. An inverse relationship with age and lymph node positivity appeared to be due to low number and more positivity of patients in younger age group. On multivariate regression after adjusting for confounding, none of the variables were found to be significant independent risk factor of a true-positive lymph node.

###### 

Clinical, prostatic-specific membrane antigen positron emission tomography-computed tomography and histopathological findings of 23 patients who underwent radical prostatectomy with bilateral pelvic lymph node dissection
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Prostatic-specific membrane antigen positron emission tomography-computed tomography detectability for lymph node metastasis per patient basis in comparison to histopathology
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Prostatic-specific membrane antigen positron emission tomography-computed tomography detectability for lymph node metastasis per lymph node basis in comparison to histopathology
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###### 

Prostatic-specific membrane antigen positron emission tomography-computed tomography and histopathology tumor stage Kappa agreement and level of significance
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In Gleason score 7 subcategory (7a: 3 + 4, 7b: 4 + 3) analysis, we did not find statistically significant difference (*P* \> 0.05) for PSA, PNI, LVI, EPE, SVI, pathological T stage, pathological N stage, and prostate SUV. Gleason score 9 subcategory analysis was not done because in our 23 patients\' group, we had only Gleason 9a (4 + 5) subcategory. Prostate SUV showed no correlation with Gleason score (r~s~ = 0.02, *P* = 0.928) and a weak positive correlation with PSA (r~s~ = 0.353, *P* = 0.098). No statistically significant (*P* \> 0.05) difference was seen in prostate SUV with PNI, LVI, EPE, SVI, and pathological T and N stage status.

DISCUSSION {#sec1-4}
==========

PCa is the second most common cause of cancer and the sixth leading cause of cancer death among men worldwide.\[[@ref23]\] Although the incidence of PCa in India is lower than that of the Western countries, an increasing trend is seen in metro cities and reached at 2^nd^ position in Delhi.\[[@ref24]\] Risk stratification is the important factor for deciding the further course of management following diagnosis. Currently, this is based on various clinical and histopathological factors and predictive mathematical models. The commonly used variables are PSA, Gleason score, and clinical T stage to divide patients into now practiced three risk categories of low, intermediate, and high risk.\[[@ref20][@ref25][@ref26][@ref27][@ref28]\] We analyzed our staging PSMA PET-CT data by standard and proposed nonstandard three risk categories by taking in account single, two, and three variables in a group. PSMA PET-CT identified an increased incidence of lymph node and distant metastasis with increase in risk categories with statistically significant results. Using standard risk stratification categories, all our patients were of either intermediate (60.82%) or high (39.18%) risk. PSMA PET-CT helped in prognostication by detection of lymph node and distant metastasis in this group and also directed appropriate management. In our proposed nonstandard risk category based on single variable, \<10% patients belonged to low-risk group, with 10%--30% chance of detecting lymph node and metastasis with PSMA PET-CT. However, its precise role in low-risk category needs to be elucidated in a large series of such patients. It is common to see that normally patients with diagnosed PCa usually present with two variables (PSA and Gleason score), and with our results showing a chance of lymph node or distant metastasis even in low-risk category based on one variable, it assumes further importance that the PSMA PET-CT has an edge over conventional modalities during staging of PCa. We found an average 53.78% and 76.47% chance of lymph node/metastasis detection in intermediate- and high-risk categories, respectively, by PSMA PET-CT in two risk variables\' group (PSA + Gleason) as well.

Hematogenous metastasis is an important determinant of prognosis and planning treatment in PCa.\[[@ref29][@ref30]\] An autopsy study of 1589 PCa patients by Bubendorf *et al*.\[[@ref31]\] showed hematogenous metastases in 35% of patients with most frequent involvement being bone (90%), lung (46%), liver (25%), pleura (21%), and adrenals (13%). In our study, we have 44.33% of patients with hematogenous spread (M~1b~ + M~1c~) during initial presentation. The bone has been a more common (67.31%) site followed by soft tissue (15.38%). Extrapelvic lymph node metastasis is another important factor in decision-making; however, its presence is commonly underestimated with conventional staging methods.\[[@ref32][@ref33][@ref34][@ref35]\] In our study, we found that 17.31% of patients had retroperitoneal lymph node metastasis without evidence of hematogenous spread (M~1a~). In addition, PSMA PET-CT showed incremental value in the detection of inguinal and mediastinal lymph node metastasis, contrasting it from conventional methods.

Currently, BS is recommended in patients with a high risk of metastasis according to many current guidelines.\[[@ref36][@ref37][@ref38]\] This is due to the fact that bone is the most common site of metastasis and sclerotic lesion is the most common type. However, it is a well-known fact that BS is nonspecific and many a times it is hard to differentiate between degenerative bone disease and bone metastasis, hence frequently requiring additional imaging modality for characterization.\[[@ref39]\] In our study, we noticed that only 57.41% of patients with bone metastasis had pure sclerotic lesions. Mixed (33.33%), marrow (7.14%), and lytic (2.3%) types of lesions constitute the rest and thus may lead to underestimation of bony disease burden by BS alone. A recent retrospective study by Pyka *et al*. comparing BS and PSMA PET-CT suggested similar findings.\[[@ref40]\]

Regional MRI is considered to be an essential imaging modality for planning surgical management.\[[@ref41]\] It can differentiate and characterize different T stages and can evaluate ECE, involvement of neurovascular bundle, SVI, and invasion of adjacent structures where surgical intervention may not be indicated.\[[@ref42]\] Porcaro *et al*. reported sensitivity and specificity of 78%, 96% and 88%, 98%, respectively, for preoperative endorectal coil MRI for evaluating ECE and SVI\[[@ref43]\] as compared to 63.16%, 100% and 55%, 100%, respectively, reported in our study. This was however not statistically significant (*P* = 0.371, 0.760 and 0.362, 0.630, respectively). PSMA PET-CT was unable to detect 4/5 focal capsule invasion on histopathology and this appeared to be the main reason for lower sensitivity for ECE. This was likely to be due to technical limitation of PET and the surrounding high tracer activity in prostate. For low SVI sensitivity of PET, unilateral or intraprostatic part of SVI involvement was the reason identified in our study.

MRI has a limitation for lymph node evaluation with low sensitivity (27.27%) though the specificity remained high (98.47%).\[[@ref44]\] That was due to a threshold of 1 cm in the short axis for the oval lymph node and 0.8 cm for the round lymph node as the recommended criteria for morphological imaging. However, 70% of metastatic lymph nodes can be subcentimeter in size.\[[@ref45]\] In our study, PSMA PET-CT has a better sensitivity (65.62%) and specificity (99.31%) per lymph node basis, which was comparable to literature.\[[@ref46][@ref47]\] On further analysis of false-negative lymph nodes on PSMA PET-CT, we found that all lymph nodes were subcentimeter in size, and the largest size of lymph node and metastasis missed was 0.7 cm and 0.3 cm, respectively. Even with this limitation of PSMA PET-CT regarding the detection of small sub-cm lymph node, still it has an edge over the current modalities. Our in-press article comparing PSMA PET-CT and MRI for N staging in high-risk PCa patients suggested statistically significant better sensitivity and specificity overall and 55% sensitivity for sub-cm lymph node.\[[@ref48]\]

There were few limitations in this study. There was no real comparison with BS which is the current standard imaging modality. Although it is predicted that PSMA PET-CT will outscore BS in the evaluation of bone metastasis, we suggest that this needs to be evaluated in a large patient cohort. Another limitation was that the histopathology of distant metastatic sites was not available. This was due to either presence of many metastatic sites or locally advanced inoperable disease. We have seen the metastatic potential of low-risk patients and as mentioned previously it needs to be validated in a large study and this should be one of the focused researches in PSMA PET-CT in the future. For initial risk stratification, PSMA PET-CT was found to be promising; however, risk stratification for treatment outcome and survival needs long-term studies and a direct comparison with the currently available predictive models.

CONCLUSION {#sec1-5}
==========

PSMA PET-CT appeared to be promising for initial risk stratifications and showed statistically significantly increased risk of lymph node and distant metastasis with increase in risk categories. For N stage, it showed promising result with reasonable correct estimation and substantial agreement with histopathology. However, in T stage, it has the propensity to underestimate although it was not statistically significant. We conclude that PSMA PET-CT should be used for staging and initial risk stratification of PCa as first-stop-shop imaging with the addition of regional MRI in potentially surgically resectable cases.
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